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Abstract
In the body, secretion is a vital process providing the release of many different and
important macromolecular compounds. Using the pancreas as a model secretory organ,
research was conducted pertaining to pancreatic exocytosis and the signal transduction system
that controls it. The specific focus of the research is to better understand the role of Nck, a
ubiquitous adaptor protein, in cytoskeleton reorganization and pancreatic secretion. The goal
of the experiments conducted is to prove that upon stimulation of pancreatic acinar cells, Nck
recruits to the secretory vesicles. Nck facilitates protein-protein interactions and acts as a
regulator of cytoskeletal activation-dependent processes. This work is important as it gives us a
better understanding of the mechanism of pancreatic exocytosis and migration of zymogen
granules. Exploring the details of this complex puzzle allows researchers and healthcare
providers alike to swiftly assess and find solutions to secretory malfunctions that include
diabetes, cystic fibrosis, and pathologies associated with Clostriduim infections. As an adapter
protein, Nck can interact with many different proteins. It contains binding domains that can
attach receptor and non-receptor tyrosine kinases to proteins responsible for the cytoskeletal
reorganization. The research demonstrated that it quickly associates with the secretory
granules following stimulation of the cells with the physiological hormone cholecystokinin. This
in turn provides the necessary mechanism to facilitate cytoskeletal rearrangement and
movement of the vesicle inside the pancreatic acinar cell.
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2Background
This paper provides general information on the function of the pancreas, as well as an
introduction and description of the many "parts" that make up the overall"machine" of
pancreatic secretion and signal transduction. Understanding the process on a large scale will
provides context and a greater understanding of the specific research conducted.
The pancreas is an organ gland that has multiple roles within vertebrates. The pancreas
can first serve as an endocrine gland. Endocrine glands produce and secrete hormones directly
into the blood stream that regulate body function. The hormones produced by the pancreas
include glucagon, insulin and somatostatin, the roles of which will be discussed later.
Furthermore, the pancreas can act as and exocrine gland. Exocrine systems produce and
secrete materials into external ducts. In the case of the pancreas, digestive enzymes are
secreted into the small intestine to aid in the breakdown of chyme produced by the stomach
(Hellman, 2007).
The source of the pancreatic endocrine function is a group of cells known as islets of
Langerhans. These cells types are specialized to produce different hormones affecting the
body's function. One such hormone is glucagon which is produced by a cells. These a cells are
triggered when blood sugar levels fall in the body and facilitates the breakdown of glycogen
polymers to glucose monomers within the liver and release into the blood stream. The
antagonist hormone to glucagon is insulin and is produced by J3cells. These J3cells are
3activated when blood sugar levels are too high. Insulin promotes the uptake and conversion of
glucose into glycogen to be stored within the liver for later use throughout the body or in
skeletal muscle for its exclusive use. Lastly, a hormone known as somatostatin is produced by
what are known as £> cells. Somatostatin is an inhibitory peptide hormone that upon activation
will regulate a and ~ cells and promote growth. These endocrine processes working in unison
allow the body to function properly. These islets are surrounded by capillaries which allow easy
communication between the body and the Islets to control blood glucose levels and
metabolism (Bowen, 2002).
As previously mentioned the pancreas also functions as an exocrine gland and this
comprises 98% of its mass. The pancreas will secrete digestive enzymes that will all the
breakdown of carbohydrates, fats, DNA, and proteins within the product of the stomach known
as chyme. The secretory product is an alkaline sodium bicarbonate fluid which will also help to
neutralize the stomach acid.
The digestive enzymes secreted are very powerful in that they can reduce most
macromolecules into absorbable mom ere forms. Among those enzymes are endoproteases
such as trypsin and chymotrypsin which are packaged into secretory vesicles known as zymogen
granules. While the proteases are packaged within the zymogen granule they are in their
inactive forms known as proenzymes. Naturally the activation of these proenzymes must come
post-secretion because they would otherwise destroy the secretory vesicle and the surrounding
cells. The vesicles also contain a trypsin inhibitor to further insure that the activation of these
4proenzymes does not occur until they reach the appropriate location. Therefore, trypsinogen
and chymotrypsinogen are the inactive proenzymes and are found within the vesicle. Once
excised from the cell, trypsinogen is activated by the enzyme enteropeptidase in the intestine.
Trypsin then activates chymotrypsin by cleaving a small polypeptide from its structure. The
enzymes are then ready to digest all molecules they encounter. These are not the only
proteases present within the small intestine but certainly playa major role in the digestion
process (Bowen, 2002).
Also secreted by the pancreas are lipases. Lipases are responsible for the breakdown of
fats. A fat is referred to as a lipid. Like all macromolecules, lipids must therefore be dismantled
into absorbable portions before absorption across the intestinal membrane. Additionally, an
enzyme known as amylase is produced by the pancreas. Amylase is responsible for the
breakdown of carbohydrates. Amylase breaks down starch into manageable maltose units
(Bowen, 2002). In general, pancreatic secretion is regulated by the nervous system as well as
by endocrine cues. In anticipation of a meal the vagus nerve, a cranial nerve, will stimulate
both the stomach and pancreas to begin activity. Secretion by glands in both tissues can be
observed at this point and relies on both sympathetic and parasympathetic pathways.
Additionally, and perhaps more importantly, pancreatic secretion is stimulated by
hormones secreted by the enteric endocrine system. The enteric endocrine system refers to
the gastrointestinal tract which samples the lumen environment for stimuli. The most potent
5stimulus is partially digested fats and proteins. Once stimulated it while secrete hormones
furthering digestion. Cholecystokinin (CCK)is one such hormone. CCKis produced within the
mucosal epithelial cells of the duodenum. CCKis a peptide that is originally produced as a
preprohormone, meaning that it is a precursor to a prohormone, which in turn is a precursor to
a peptide hormone. This preprohormone is altered by proteolytical cleavage. Once a specific
peptide sequence is cleaved it can take its form as a prohormone. Further proteolytical
cleavage will create it's active form as a peptide hormone. When the duodenum recognizes
digested fats and proteins it will secrete CCK. CCKis then released into the blood stream where
it will reach the pancreatic acinar cells that contain receptors for CCK. There have been
multiple CCKreceptors identified throughout the body but acinar cells contain dramatically
more of one type, that being the CCKAreceptor. This is a G protein-coupled receptor exhibiting
the usual seven transmembrane domains. Upon binding a Signaling cascade will occur to
trigger the migration of the zymogen granules to the plasma membrane where it will then
dump its contents of digestive enzymes. This will be examined in greater detail later on. The
digestive enzymes facilitate the absorption of the molecules that stimulate CCKsecretion.
Therefore the secretion will slow and eventually stop once all the nutrients have been absorbed
(Pendleton, 2009). The CCKhormone has played an important role within our own research of
the physiology of secretion for obvious reasons.
6Gastrin as well as secretin are additional hormones secreted by the enteric endocrine
system. Gastrin is secreted upon mechanical distention of the intestinal tract itself and triggers
both acid secretion by parietal cells as well as pancreatic acinar cell digestive enzyme secretion.
Secretin is produced when acid reaches the duodenum. Secretin triggers the duct cells within
the pancreas to secrete water and bicarbonate to flush the digestive enzymes through the duct
into its destination and will also neutralize the harmful acid that has come into the duodenum
from the stomach (Mirtha, 2005).
The construction of the cellular cytoskeleton must also be discussed to further
comprehend the mechanics of pancreatic secretion. The cytoskeleton is a network of fibers
made of proteins that can be found throughout the cell's cytoplasm. These fibers are
responsible for holding the cells organelles in place as well as providing shape and support to
the cell. Additionally, the cytoskeleton is responsible for intracellular transport. It is these
fibers that will reorganize themselves to move the aforementioned zymogen granules to the
cell membrane for fusion. These filmentous polymers provide the physical force necessary to
affect cellular behavior. The cytoskeleton first and foremost organizes the contents of the cell.
It provides a physical and chemical connection between the cell itself and its outer
environment. These fibers have an ability to work in a coordinated way to change the cell
shape or position. All ofthese functions are due to protein activity. The cytoskeleton's ability
to reorganize is the key component to its multitude of functions (Doherty, 2008).
7The proteins that make up the cytoskeleton include actin filaments, microtubules and
intermediate filaments. These polymers are responsible for the characteristics of the
cytoskeleton. They can organize into scaffolding that maintains the integrity of the cell and its
compartments. Polymerization is a process whereby repeating protein subunits organize into
filaments that in turn provides the forces necessary to change cell shape and organelle
placement. The shape and orientation of the polymers are decided by different regulatory
proteins such as nucleation-promoting factors which intitate filment formation. Its antagonist
is capping proteins that stop filament expansion. Additionally, crosslinker proteins can be found
that create complex reinforced networks (Blumenthal, 2004).
Of the polymers, microtubules are the least flexible. They are hollow cylinders and are
composed of a protein called tubulin. They are roughly 23 nm in diameter. Microtubules are
dynamic in their behavior and bind to an activator called GTPto polymerize. Because they can
polymerize and depolymerize rapidly and are rather unstable, they can search cellular space
When they associate with other proteins, they facilitate intracellular transport and placement
within the cell. They also playa role in external cell motility by their ability to form cilia and
flagella (Ma, 1998).
Actin filaments are another key component of the cytoskeleton. They are less rigid than
microtubules and are solid rods. They are fine threads of protein roughly 4 nm in diameter.
However, with the presence of crosslinkers that bind to actin filaments a highly organized, stiff
structure can be formed. In the absence of crosslinkers, filaments will be highly branched and
8it is this configuration that generates the forces involved in changes in cell shape. Unlike
microtubules, actin filaments are not extremely dynamic. Instead they steadily elongate to
producing the consistent forces that are required to promote the migration of the organelle.
Actin filaments and microtubules are polarized polymers. This means that they serve as a track
for molecular motor proteins that move in one direction. Those molecular motors for the two
polymers do differ however. These molecular motors have essential roles in organizing the
microtubule and actin cytoskeletons (Diwan, 1998).
Intermediate filaments also playa role within the cytoskeleton. At 10 nm in diameter,
they are key in resisting tensile forces and can be crosslinked to one another. They can also be
linked to actin filaments and microtubules. Intermediate filaments are usually assemble in
response to physical stresses. Intermediate filaments however are not polarized and do not
allow for movement of molecular motor proteins (Childs, 2001).
Cytoskeletal units enable the cell to create order within the cytoplasm, provide an
extremely organized environment for the cell, and resist external physical forces. It is exactly
this reorganization that pushes and pulls the secretory vesicles towards the plasma membrane
for fusion and thusly secretion of digestive enzymes. When stimulated, this coordinated
polymerization allows the zymogen granules to track back and forth between the inner cell and
the membrane. These structures can cover great distances within the cell to mediate cell
signaling.
9Different signal transduction pathways are responsible for inducing the rearrangements
of the cytoskeleton in order to control migration of secretory vesicles to the plasma membrane
by physically pushing or pulling them with the dynamic fibers. It involves a coordinated system
to relay extracellular information into intracellular effector molecules to induce a specific
response. These pathways are activated by varying extracellular stimuli that trigger
transmembrane receptors of different classes. This study involves a class of transmembrane
proteins known as G-protein-coupled receptors. These receptors activate a cytoplasmic G-
protein by facilitating GTP binding. In this form the G-protein is capable of controlling precise
signal transduction pathways and they represent the most widely used and diverse set of
receptors in the body.
Guanine nucleotide-binding proteins (G proteins) are a family of proteins that transmit
chemical signals found in the external cellular environment. This protein is linked to receptors
that allow the cell recognize neurotransmitters or hormones and cause a subsequent response.
They are transmembrane G protein linked receptors meaning they span through the lipid
bilayer of the cell and interact with G proteins. In fact, the typical G protein receptor crosses
the membrane seven times. The signaling molecule, known as the ligand, binds to a specific
domain on the receptor. This will cause a conformational change that allows the receptor to act
as a guanine nucleotide exchange factor (GEF). The role of the GEF is to exchange guanosine
diphosphate (GOP) for guanosine triphosphate (GTP) (Wettschureck, 2005). GTP has phosphate
bonds that are high in energy and when cleaved result in a signaling cascade. This
conformational change spans through the receptor into the cell itself. Changes within the cell
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activate the G protein within the cell. This activation results in a cascade of further
phosphorylations via kinases resulting in the desired biochemical outcome.
Furthermore, G proteins can be divided into two families. The first of which is
heterotrimeric G proteins. These proteins exhibit the aforementioned characteristics.
Moreover they are made up ofthree subunits: alpha, beta, and gamma subunits. The second
family of G proteins are known as small G proteins. This family resembles the alpha subunits of
the heterotrimeric family and can be further classified as small monomeric GTPases. One such
monomeric protein is Rac-1. Activation of this protein can result in a number of signal
transduction pathway cascades (Luttrell,2002). Based on which G protein is activated a
number of different results can be observed. Rac1 is part ofthe Rho subfamily and relays
extracellular signals from the G-protein couple receptors. By activating this pathway,
microfilaments and microtubules are produced and a pancreatic cell can cause the zymogen
granules to migrate to the plasma membrane for fusion (Millar,2010).
While G proteins and their receptors are important in cytoskeletal reorganization, signal
transduction adapter proteins also playa role in the process. Adapter proteins, unlike G
proteins, usually have no enzymatic abilities but contain binding domains that allow it to
facilitate protein-protein interactions (Flynn, 2010). One such small adapter protein is known
as Nck (non-catalytic region of tyrosine kinase). Nck exhibitsa binding motif known as src
homology. There are multiple src homology motifs and Nck displays both SH2 and SH3 binding
domains which are areas of the protein that have an affinity for specific amino acid sequences.
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Its domains allow it to interact with more than 60 different proteins in various signal
transduction pathways. Nck can be further specified into Nckl and Nck2. Their molecular
weights are 47 kD and 42 kD respectively, and are roughly 65% homologous. (Anton, 2011)
Materials & Methodology
Using Sprague-Dawley rats, pancreatic tissue was excised. The pancreas was minced,
and washed in Krebs-Ringer buffer solution. The pancreatic cells were divided into separate
tubes for varying treatments as well as control cells. The cells being treated were stimulated
with 2nM of CCKfor five minutes. The cells were then lysed at a low temperature and the
zymogen granules were purified. The granules were retrieved by adding cold homogenization
buffer made up of 250.0 mM sucrose, 40.0 mM MOPS (pH 7.0), 0.1 mM EGTA,0.1 mM MgS04,
1.0 mgJml BSAand O.lmM PMSF. The mixture was poured into a nitrogen cavitation bomb and
pressurized to 750 p.s.i. for 60 seconds. The pressure release induced the lysis of the cells.
Percoll solution was added at 40 % concentration and the zymogen granules were isolated by
centrifugation (20,000 x g for 20 minutes). Zymogen granules accumulated at the bottom of
the tube and were removed and diluted with homogenization buffer. The granules were again
centrifuged this time at 2,000 x g for 15 minutes.
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Zymogen granule proteins were indentified using SOS-PAGEand western blotting. The
zymogen granule samples were mixed with Laernmll buffer (62.5 mM Tris, 25% glycerol, 2.0%
SOS,0.01% bromophenol, pH 6.8), at a ratio of 1:3. The samples were then boiled for 5
minutes, allowed to cool and loaded into the SOS-polyacrylamide gel. The samples underwent
electrophoresis in ruffer buffer (25.0 mM Tris, 192.0 mM glycine, 0.1% mM SOS,at 100 volts for
roughly 1.5 hours. After the samples had been run, the gels and nitrocellulose sheets were
saturated in transfer buffer (20.0 mM Tris, 192.0 mM glycine, 20.0% ethanol). This process
removes detergents from the gel. The proteins were then electroblotted onto the
nitrocellulose membrane. This was done for one hour at 110 volts.
The remaining reactive sites on the nitrocellulose were blocked for 2 hours with non fat
dry milk in Tween-Tris buff solution (TTBS0.05% Tween, 10.0 mM Tris, 250.0 mM NaCI at pH
7.6) The-blots were washed for 5 minutes with TTBSafter blocking. Overnight the membrane
was exposed to 1% non-fat dry milk in TTBSand a 1:1000 dilution of the primary antibody Nck
1/2 rabbit polvclonal (Purchased from Santa Cruz BioTech). The membrane was then washed
six times for 5 minutes each with TTBS. The primary antibody bound to the Nck protein was
detected using a secondary goat-anti rabbit polvclonal antibody at a concentration of 1:1000.
The blot was exposed to this antibody in 1% non-fat dry milk in TTBSfor 3 hours at 4° C. Again
the membrane was washed six times for 5 minutes each with TTBS.
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The antibody bound to Nck was detected by chemiluminescence. The blots were
exposed to .8 ml of Super Signal West Pico Chemiluminescence Substrate (Purchased from
Pierce) for 2 minutes which due to catalytic activity emits a photon of light. The
chemiluminescence was detected using a Syngene G-box. GeneSnap software was utilized to
automatically discern the appropriate exposure time for the membrane. The bands detected
by the GeneSnap software were quantified with GeneTools which measured the pixel densities
ofthe bands. Those with a high pixel density concentration correlate to an increased protein
concentration and vice versa.
Results
Fig. 1: Nck imaged 2.15.11
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Cytoskeletal reorganization is vital for proper zymogen granule migration and thusly
pancreatic secretion. Upon analysis of the data gathered, one can see a noticeable increase in
the presence of Nck in Fig 1. after stimulation with CCK. The GeneTools program calculates a
1.6 x increase in the protein's presence on the surface of the secretory vesicle. Furthermore, a
sample was run to test for the presence of known cytoskeletal reorganization proteins. In this
case cortactin, a small monomeric protein known to reorganize actin filaments within the cell.
In Fig. 2, a time course study was done in which the cells were exposed to CCKand lysed at
different times after exposure to the stimulant. It can be seen that cortactin is in fact present
at the same time Nck is. This suggests that Nck is present and involved with cytoskeletal
reorganization as well. Nck is an adapter protein facilitating interaction between cytoskeletal
reorganization proteins using SH2 and SH3 binding domains to promote tyrosine kinase activity.
Further experimentation could be done to uncover which proteins Nck associates with.
Whether or not pancreatic secretion is sole.ly dependent upon the Nck protein could also be
investigated. Because Nck has multiple binding domains, it is likely that it has an accessory role
in multiple protein-protein interactions. If any part of the phosphorylation cascade within the
Signaling system activating cytoskeletal reorganization is dependent upon the assistance of Nck
then this adapter protein becomes even more important. Understanding each piece to this




Anton, Ines M., Wange Lu, and Bruce Mayer. "The Wiskott-Aldrich Syndrome Protein-
interacting Protein (WIP) Binds to the Adaptor Protein Nck." The Journal of Biological
Chemistry. Web. 20 Mar. 2011. http://www.jbc.org/content/273/33/20992.short.
Blumenthal SS,Clark GB, Roux SJ(April 2004). "Biochemical and immunological
characterization of pea nuclear intermediate filament proteins". Planta 218 (6): 965-75
Bowen, R. "Endocrine Pancreas." Arbl.cvmbs.colostate.edu. 8 Dec. 2002. Web. 05 May
2011. <http://www.vivo.colostate.edu/hbooks/pathphys/endocrine/pancreas/index.html>.
Childs, Gwen. "Intermediate Filaments." Cell Biology and Cytochemistry. 2001. Web. 09 May
2011. <http://www.cytochemistry.net/cell-biology/intermediate_filaments.htm>
Diwan, Joyce. "Actin Filaments." Rensselaer Polytechnic Institute (RPI) :: Architecture,
Business, Engineering, IT, Humanities, Science. 1998. Web. 09 May 2011.
<http://www.rpi.edu/dept/bcbp/molbiochem/MBWeb/mb2/part1/actin.htm>
Doherty GJand McMahon HT (2008). "Mediation, Modulation and Consequences of
Membrane-Cytoskeleton Interactions". Annual Review of Biophysics 37: 65-95.
Flynn, Daniel C. "Adaptor Proteins." Nature Publishing Group: Science Journals, Jobs, and
Information. 1 Oct. 2001. Web. 05 March 2011.
<http://www.nature.com/onc/journal/v20/n44/fuII/1204769a.html>.Volume 20, Number 44,
Pages 6270-6272
Hellman B, Gylfe E,Grapengiesser E, Dansk H, Salehi A (2007). "[Insulin oscillations--
clinically important rhythm. Anti-diabetics should increase the pulsative component of the
insulin release]" (in Swedish). Lakartidningen 104 (32-33): 2236-9.
Li, W., P. Hu, and A. Ullrich. "The SH2 and SH3 Domain-containing Nck Protein Is Oncogenic
and a Common Target for Phosphorylation by Different Surface Receptors. -- Li Et AI. 12 (12):
5824." Molecular and Cellular Biology. Web. 20 Mar. 2011.
http://mcb .asm .org/ cgil content/ abstract/ 12/12/5824.
Luttrell LM, Lefkowitz RJ(February 2002). "The role of beta-arrestins in the termination and
transduction of G-protein-coupled receptor Signals". J. Cell. Sci. 115 (Pt 3): 455-65.
18
Ma, Alice, Stephen Taylor, and Charles Abrams. "Cytoskeletal Reorganization by G
Protein-Coupled Receptors Is Dependent on Phosphoinositide 3-Kinase Gamma, a Rac
Guanosine Exchange Factor, and Rac -- Ma Et AI. 18 (8): 4744." Molecular and Cellular Biology.
Web. 20 Mar. 2011. http://mcb.asm.orgjcgi/content/full/18/8/4744.
Millar RP, Newton CL (January 2010). "The year in G protein-coupled receptor research".
Mol. Endocrinol. 24 (1): 261-74.
Mirtha, S. "The Pancreas." The Potent Organic Solvents - Glycol Ethers Cause FLUSymptoms.
2005. Web. 03 May 2011. <http://www.valdezlink.com/pages/endocrine-
exocrinesystems.htm>.
Neves, Susana, "G Protein Pathways"Neves, et al.,Science 31 May 2002: 1636-
1639.001: 10. 1126/science. 1071550
Pendleton, James. "Cholecystokinin and Human Physiology: CCK,A Crucial Role in Digestion
and Satiety I Suite101.com." Suite101.com: Online Magazine and Writers' Network. 3 Jan.
2009. Web. 01 May 2011. <http://www.suite101.com/content/cholecystokinin-a87911>.
Reece, Jane; Campbell, Neil (2005). Biology.San Francisco: Benjamin Cummings.
Santos, M., Antonio Mascardo, and Juana Valles. "Participation of Tyrosine Phosphorylation
in Cytoskeletal Reorganization, (1998) {alpha}lIb{beta}3 Integrin Receptor Activation, and
Aspirin-Insensitive Mechanisms of Thrombin-Stimulated Human Platelets -- Santos Et AI. 102
(16): 1924." Circulation. Web. 20 Mar. 2011.
http://circ.ahajournals.orgjcgi/content/full/circulationaha;102/16/1924.
Wettschureck N, Offermanns S (October 2005). "Mammalian G proteins and their cell type
specific functions". Physiol. Rev. 85 (4): 1159-204.
